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1. 用改进的高效液相色谱法，分析 10 种低分子量有机酸：草酸，酒石酸，
甲酸，L-苹果酸，乳酸，乙酸，顺丁烯二酸，柠檬酸，丁酸，反丁烯二酸等低分
子量有机酸，色谱条件为：Agilent 1100 型高效液相色谱及其色谱工作站，Agilent 
ZORBAX Extend-C18（250 mm×4.6 mm I.D.，5 μ）色谱柱。柱温为 25±2 ℃，
进样量为 50μl，pH为 2.5 的 93%的 25 mM的KH2PO4和 7%的甲醇作为流动相，





9.004 µmol g-1 root DW，而白骨壤根系分泌物中酒石酸含量(3.760 μmol g-1 root 





其中，秋茄根际、林内和光滩低分子量有机酸总含量分别为 269.45 μM、201.47 
μM、157.93 μM；白骨壤根际、林内和光滩低分子量有机酸总含量分别为 310.96 
μM、214.57 μM、139.51 μM；桐花树根际、林内和光滩低分子量有机酸总含量
分别为 251.44 μM、161.20 μM、103.33 μM。在林地内与林外土壤溶液的低分
子量有机酸中甲酸、乙酸、乳酸等一元羧酸为主要成分，而三元羧酸如柠檬酸含
量并不高。而在根际土壤溶液中，苹果酸，柠檬酸，丁酸含量比林内与林外光滩














































柠檬酸，五倍子酸在施加量浓度小于 150 mmol kg-1时对秋茄生长的生物量没有
显著的影响（P>0.5）。三种低分子量有机酸草酸，柠檬酸，五倍子酸施加量为

























分子量有机酸含量达到最大为 39.0457 μmol g-1 DW roots. 反丁烯二酸则只有
在 20 ppm Cd的处理中出现，在根系分泌的低分子量有机酸中，甲酸，乳酸，
柠檬酸，苹果酸占主要部分，在对照处理中分别占总的低分子量有机酸的 8.11%, 
18.52%, 68.28%和 2.31%。随着Cd胁迫浓度的升高，在 10 ppm Cd 胁迫下根
系分泌的低分子量有机酸中甲酸，乳酸，柠檬酸，苹果酸比例分别为 8.28%, 




着Cd处理浓度的增加而增大，其变化范围为 17.52 到 27.72 mM。根系分泌的
低分子量有机酸改变了根际Cd的形态。碳酸盐结合态Cd随着Cd施加浓度的升高
而降低（对照的 13%下降到 50 ppm处理中的 7%），而交换态Cd在各个处理的
































































Advances in science and technology have enabled humans to exploit 
natural resources to a great extent, generating unprecedented disturbances in 
global elemental cycles. Mangrove ecosystems, important intertidal estuarine 
wetlands along the coastlines of tropical and subtropical regions, are 
frequently exposed to contamination of heavy metal due to high degree of 
industrialization and urbanization. Port development, mariculture, and rapid 
economic development all have resulted in a strong risk of heavy metal 
contamination in the coastal environment. Consequently, accumulated 
pollutants are of concern relative to both human and coastal ecosystem 
exposure and potential impact. Mangrove ecosystems, although possessing 
great ecological and commercial value, have in many parts of the world 
traditionally been considered wastelands and widely used as sites where 
effluents are discharged and solid wastes are dumped, including metallic 
anthropogenic wastes. Mangrove sediment, being anaerobic, rich organic 
carbon, reduced and rich in sulphide, favor the retention and accumulation of 
heavy metals. Sediments can therefore also act as a source of heavy metals, 
when triggered by changes in abiotic conditions such as pH, redox potential 
and salinity. Storms and human activities such as clearing and dredging can 
remobilize metals and facilitate transport from mangroves to coastal waters. 
Metals may also be transported to estuarine waters when accumulated by 
mangroves and concentrated in exported leaf debris, which is an important 
food source for higher organisms in estuarine food chains. Mangrove wetland 
as a buffer in the estuary therefore acts as a sink and source of heavy metal in 
the coastline ecosystem. 
Organic acids have been hypothesized to perform many functions in soil 
including root nutrient acquisition, mineral weathering, microbial chemotaxis 
and metal detoxification. However, their role in most of these processes 














reactions of organic acids in soil. After release from the root, however, organic 
acids can suffer from a number of fates such as sorption, biodegradation and 
metal complexation, making their behavior difficult to predict. 
This dissertation focused on methods for analyzing low molecular weight 
organic acids (LMWOAs) in root exudates and soil solutions, root responses 
LMWOAs to phosphorus deficiency and heavy metals stress, and variation in 
LMWOAs between forest types. Effect of LMWOAs on phytoextraction of 
heavy metals and metals species changes in rhizosphere were studied.   
Major conclusions were summarized as follows: 
1. An improved reversed-phase liquid chromatographic (RPLC) method for 
the analysis of LMWOAs in plant root exudates and soil solutions. Agilent 1100 
reversed-phase column liquid chromatography was used for the separation 
and quantification of 10 LMWOAs (formic, acetic, malic, butyric, lactic, fumaric, 
maleic, citric, L-tartaric oxilic) in mangrove root exudates and soil solution. A 
mobile phase of 93% 25 mM KH2PO4 at pH 2.5 and 7% methanol at a flow-rate 
of 1 ml min-1 resolved all 10 acids on a Agilent ZORBAX Extend-C18（250 
mm×4.6 mm I.D.，5 μ）column. DAD output at 210 nm was used for the 
quantification of LMWOAs. Different plants have different root exudates both in 
quantity and quality. In mangrove Kandelia candel, Avicennia marina, and 
Aegiceras corniculatum root exudates, monocarboxylic acids were dominated 
in LMWOAs. Oxalic, citric, lactic, malic, acetic, butyric and tartaric acids was 
found in three mangrove species. In K. Candel, citric acid concentration (9.004 
µmol g-1 root DW) was highest in the root exudates LMWOAs. While In A. 
marina and A. corniculatum the highest concentration of LMWOAs were 
tartaric (3.760 µmol g-1 root DW) and acetic (4.213 µmol g-1 root DW) acids 
respectively.  
 
2. Low-molecular weight organic acids found in soils and soil solutions 
comprise mainly aliphatic mono-, di- and tricarboxylic acids. In soil solutions 














showed as following: rhizopshere> sediments with plants > bare beach. In K. 
Candel the total LMWOAs concentrations in rhizopshere, sediments with 
plants, bare beach soil solutions were 269.45, 201.47 and 157.93 μM 
respectively. In A. marina the total LMWOAs concentrations in rhizopshere, 
sediments with plants, bare beach soil solutions were 310.96, 214.57 and 
139.51 μM respectively. In A. corniculatum the total LMWOAs concentrations 
in rhizopshere, sediments with plants, bare beach soil solutions were 251.44, 
161.20, 103.33 μM respectively. In bulk soil solutions monocarboxylic acids 
concentrations were higher than di- and tricarboxylic acids. In rhizosphere soil 
solution malic, citric and butyric acids were in dominant. The total LMWOAs 
concentrations in three stands showed the trends  A. marina (214.57 μM)>K. 
Candel (201.47 μM)> A. corniculatum (161.20 μM). Soil chemical and physical 
properties such as soil texture, water contents, electric charge distribution, 
organic contents, pH would influence the LMWOAs concentrations in soil 
solutions. The high organic maters content (5-8%) in mangrove sediments was 
significantly related to LMWOAs concentrations.   
3. Phosphorus (P) is critically needed to improve soil fertility in many parts 
of the world. Mangrove root can excrete organic acids to adapt P stress. Low 
molecular organic acids exudation from the roots of mangrove seedlings under 
P stress increased significantly (P<0.05). Low molecular weight di- and 
tricarboxylic acids were found dominantly in root exudates. .After 7 days, in P 
stress treatments, acetic, butyric, malic, oxalic and citric exudation from the 
roots of K. Candel showed significantly higher than control treatments. Root 
exudated citric acid was 35.680 uMg-1 DW root, and the total concentration of 
LMWOAs showed 8 folds than control. Formic, acetic, butyric, tartaric, oxalic 
and citric were identified in root exudates under P stress treatments. Butyric, 
malic and citric acids were significantly higher than control, but for acetic and 
formic acids there were no significant differences compare with control 
treatments. Malic acid was 18.9 folds than that in control treatment. Butyric, 
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